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Abstract 

Oxycombustion  diluted  by  recirculating  flue  gases  is  one  of  the  most  advanced  innovating  combustion 
technique  to  adapt  carbon  capture  and  storage  (CCS)  to  industrial  combustion  plants.  The  dilution  by  flue 
gases  with  a  large  amount  of  C02  impacts  the  flame  behavior  in  terms  of  combustion  efficiency,  pollutant 
emission,  radiative  transfer  and  flame  stabilization.  The  present  paper  investigates,  at  lab-scale,  the  effect  of 
C02  dilution  on  a  spray  oxyfuel  flame  in  terms  of  flame  structure  and  stabilization.  A  burner  is  well 
designed  such  that  the  boundary  conditions  may  be  accurately  measured  and  be  suitable  to  provide  a 
confident  database.  A  central  spray  of  ethanol  is  surrounded  by  a  02-C02  coflow.  The  coflow  is  modular 
to  investigate  the  effect  of  C02  content  separately  from  the  coflow  velocity.  Size-classified  Phase  Doppler 
Anemometry  characterizes  the  spatial  non-homogeneity  in  size  and  velocity.  The  average  flame  structures 
are  observed  by  OH*  chemiluminescence  and  complementary  instantaneous  flame  observations  by  OH 
Planar  Laser  Induced  Fluorescence.  Three  types  of  flames  are  observed  with  a  trailing  flame  exhibiting 
a  double  structure  specific  to  two-phase  combustion  and  linked  to  the  competition  between  vaporization, 
chemical  and  mixing  time  scales.  The  amount  of  C02  in  the  oxidant  affects  strongly  the  flame  structure  and 
stabilization.  It  modifies  drastically  the  chemical  time,  the  flame  temperature,  and  thus  the  vaporization 
time  and  the  size  dispersion.  The  outer  flame  of  the  double  structure  is  always  diffusion-like  while  the  inner 
flame  changes  from  diffusion-like  to  premixed-like  when  the  vaporization  time  shortens.  This  investigation 
shows  the  additional  effects  of  C02  dilution  on  spray  combustion. 

©  2014  The  Combustion  Institute.  Published  by  Elsevier  Inc.  All  rights  reserved. 


Keywords:  Oxyfuel  combustion;  Spray  combustion;  C02;  Lift-off 


*  Corresponding  author.  Address:  CORIA  -  CNRS 
UMR6614,  Universite  de  Rouen,  F-76801  St  Etienne  du 
Rouvray,  France.  Fax:  +33  (0)2  32  91  85  04. 

E-mail  address:  armelle.cessou@coria.fr  (A.  Cessou). 


1.  Introduction 

Oxycombustion  diluted  by  recirculating  flue 
gases  is  one  of  the  most  advanced  innovating  com¬ 
bustion  technique  to  adapt  carbon  capture  and 
storage  (CCS)  to  industrial  combustion  plants 
[1,2],  High  efficiency  of  the  CCS  process  behind 


http://dx.doi.Org/10.1016/j.proci.2014.06.028 

1540-7489/©  2014  The  Combustion  Institute.  Published  by  Elsevier  Inc.  All  rights  reserved. 


3566 


G.  Cleon  et  al.  /  Proceedings  of  the  Combustion  Institute  35  (2015)  3565-3572 


the  combustion  chamber  requires  a  large  amount 
of  C02  in  flue  gas,  which  is  ensured  by  reinjection 
of  C02  extracted  from  the  stack,  in  the  burner  to 
dilute  fuel  and  oxygen  reactants.  These  specific 
operating  conditions  have  strong  effects  on  flame 
stability,  heat  transfer  and  pollutant  emissions. 
Several  experimental  investigations  already  exist 
concerning  different  fuels,  either  coal  [3,4]  or  gas¬ 
eous  fuels  [5-7],  With  propane,  Andersson  et  al. 
[5]  have  compared  combustion  in  air  and  02/ 
C02  atmosphere.  Significant  difference  is  observed 
for  flame  radiation  intensity.  Similar  overall  com¬ 
bustion  behavior  of  air  flame  is  obtained  in  02/ 
C02  oxidant  with  higher  oxygen  concentration. 
Large  concentrations  of  C02  in  the  oxidizer  can 
also  induce  important  CO  emissions  as  observed 
by  Amato  et  al.  [6]  in  a  swirl  flame  and  Heil 
et  al.  [7]  in  a  flameless  combustion  facility. 

The  present  experimental  study  focuses  on  the 
effect  of  CO?  content  on  the  structure  and  stabil¬ 
ization  of  spray  oxyfuel  flames.  A  simplified 
configuration  with  well-defined  inlet  and  bound¬ 
ary  conditions  is  chosen  to  provide  data  suitable 
for  the  building  of  a  database.  It  consists  in  a 
two-phase  flow  of  a  well-known  pure  substance 
with  simple  and  well-controlled  aerodynamic  con¬ 
ditions.  A  central  spray  with  size  distribution 
independent  of  the  gas  flow  velocity  is  surrounded 
by  a  modular  02-C02  coflow  to  investigate  the 
effect  of  C02  concentration  separately  from  the 
influence  of  the  coflow  velocity  Ethanol  is  chosen 
as  fuel  for  its  well-known  thermodynamics  data 
and  chemical  kinetics  model.  The  choice  of  this 
pure  liquid  fuel  is  driven  by  the  wish  to  focus 
the  study  on  the  impact  of  two-phase  transport 
and  evaporation  on  diluted  oxyfuel  combustion 
features  in  a  relative  simple  configuration  in  terms 
of  vaporization  and  chemistry,  and  to  provide 
confident  data  for  development  and  validation 
of  numerical  modeling,  that  will  be  used  then  for 
simulations  of  industrial  applications  with  more 
complex  configurations  and  liquid  fuel. 

The  spray  dispersion  and  aerodynamics  are 
investigated  by  Phase  Doppler  Anemometry 
(PDA)  and  Laser  Doppler  Velocimetry  (LDV). 
The  flame  structures  are  observed  by  OH* 
chemiluminescence  and  OH  Planar  Laser  Induced 
Fluorescence  (PLIF),  showing  a  main  trailing 
flame  with  a  double  structure  specific  to  two- 
phase  combustion  [8-12],  The  change  in  the  C02 
content  modifies  drastically  the  chemical  time, 
the  flame  temperature,  and  will  modifies  locally 
the  vaporization  time  and  the  droplet  size 
distribution,  leading  the  flame  to  be  partially 
premixed  [11].  The  outer  flame  of  the  double 
structure  is  always  diffusion-like  while  the  inner 
flame  changes  from  diffusion-like  to  premixed-like 
when  the  vaporization  time  shortens. 


2.  Experimental  set-up 

A  coaxial  burner  composed  of  a  pressure  injec¬ 
tor  fed  by  ethanol  and  surrounded  by  C02  02 
coflow  is  located  at  the  bottom  of  a  combustion 
chamber  of  1  meter  long  and  400  mm  inner 
diameter  with  a  water-cooled  double  stainless- 
steel  casing  equipped  with  large  windows.  For 
all  the  operating  conditions,  the  thermal  power 
is  23.3  kW  and  the  global  equivalence  ratio  is  <f> 
=  0.975.  A  modular  burner  is  designed  to  offer 
well-defined  aerodynamics  inlet  conditions 
suitable  for  building  of  a  database.  The  C02  02 
mixture  is  controlled  by  mass  flow  controllers, 
and  several  coflow  velocities  are  obtained  for  the 
same  C02  content  by  changing  the  coflow  diame¬ 
ter,  Dco  (Fig.  1).  The  dilution  ratio,  a,  is  defined  as 
the  volume  fraction  of  C02  in  the  oxidant  mix¬ 
ture.  The  liquid  injector  is  a  simplex  injector  (Del- 
avan  WDBO. 75-30)  with  a  30°  cone  angle  and  a 
nozzle  orifice  of  230  pm  diameter.  The  resulting 
spray  consists  in  a  conical  liquid  sheet,  which 
breaks  up  at  6  mm  from  the  nozzle  as  observed 
from  photography  of  the  spray,  Mie  scattering 
imaging  or  very  low  level  of  PDA  validation 
below  this  height.  In  our  experimental  configura¬ 
tion,  the  use  a  pressure  injector  surrounded  with 
coflow  of  moderate  velocity  makes  this  break-up 
length  independent  from  the  coflow  velocity. 

Mean  flame  structures  are  obtained  from  OH* 
chemiluminescence  imaging  by  using  an  UV  CCD 
camera  (Photometries,  CoolSnap)  with  a  UG11 
filter  (Schott).  The  mean  tomographic  representa¬ 
tion  of  the  flame  structure  is  worked  out  by  Abel’s 
inversion  based  on  the  axisymmetry  of  the  config¬ 
uration  and  that  the  convergence  of  the  average 
image  obtained  by  the  high  number  of  individual 
images  (100)  and  the  exposure  time  ranging 
between  15  and  100  ms  depending  on  the  flame 
stability  and  luminosity. 

Characterization  of  the  spray  is  determined  by 
a  PDPA  system  (Dantec)  with  back-scattering  and 
30°-front-scattering  probes.  The  measurement 
volume  is  150  pm  x  150  pm  x  3.5  mm.  At  each 
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Fig.  I.  Stability  diagram. 
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measurement  location,  20,000  data  are  sampled 
for  a  maximum  time  of  90  s,  allowing  statistical 
size-classified  study  of  droplet  velocity  [8,13], 
Because  of  the  geometry  of  the  spray,  the  mea¬ 
surements  are  only  possible  beyond  6  mm.  The 
minimum  number  of  data  is  4000  noticed  when 
the  time  of  90  s  is  reached.  These  small  values 
are  only  observed  at  the  tip  of  the  liquid  sheet 
and  in  the  very  dilute  region  of  the  spray  on  the 
axis  far  away  from  the  nozzle.  Beside  the  spray, 
fresh  gas  velocity  of  the  co-flow  is  determined  by 
LDV  in  back-scattering  configuration  by  seeding 
the  coflow  by  di-ethyl-hexyl-sebacate  droplets 
with  diameters  less  than  5  pm.  At  each  measure¬ 
ment  location,  10,000  data  are  recorded  in  coinci¬ 
dence  mode  or  the  acquisition  is  ended  after  a 
maximum  of  60  s. 

Instantaneous  2D  images  of  the  oxyfuel  flame 
structures  are  obtained  by  OH  PLIF.  An  intensi¬ 
fied  CCD  camera  (PIMAX)  equipped  with  a  UV 
lens  (f/2.8)  is  synchronized  with  a  tunable  dye 
laser  pumped  by  a  Nd-YAG  laser  (Quantel) 
shaped  in  a  vertical  laser  sheet  (6  cm  high)  cross¬ 
ing  the  flame  through  a  symmetry  plane.  The  laser 
wavelength  (282.67  nm)  is  spectrally  tuned  on  the 
Qi(5)  line  of  the  (A2Z,  v1  =  1  —  X2IJ ,  v"  =  0)  band 
of  OH.  A  set  of  spectral  filters  (lxUGll  and 
2xWG280)  is  used  to  reject  the  Mie  scattering  of 
particles  and  then  collect  only  OH  fluorescence. 
For  few  experiments,  the  laser  wavelength  is 
detuned  from  the  OH  absorption  line  and  one 
WG280  filter  is  removed  to  collect  instantaneous 
images  of  Mie  scattering  of  droplets  alone. 

OH  Planar  Laser  Induced  Fluorescence  (PLIF) 
is  a  qualitative  marker  of  the  combustion  regime. 
It  is  known  to  be  a  marker  of  burnt  gases  and  diffu¬ 
sion  and  premixed  flames  can  often  be  distinguished 
from  the  gradient  and  the  thickness  of  the  OH  zone 
[14],  In  diffusion  flames,  the  OH  signal  is  maximal 
around  stoichiometry  and  decreases  on  either  side 
with  a  thickness  linked  to  the  diffusion  process.  In 
a  premixed  flame,  OH  is  present  in  all  the  burnt  gases 
at  high  temperature  and  it  is  a  good  marker  of  the 
interface  of  fresh/burnt  gases  by  the  high  signal  gra¬ 
dient  [14],  This  simplified  description  can  obviously 
be  affected  in  turbulent  flows.  In  the  following, 
where  the  purpose  is  to  qualitatively  describe  the 
change  in  flame  properties  according  to  the  C02 
content  of  the  coflow,  we  will  identify  schematically 
the  diffusion  reaction  zones  as  fine  and  symmetric 
OH  zones  and  the  premixed  flame  fronts  as  non- 
symmetric  zones  with  a  sharp  gradient  on  one  side, 
and  a  very  low  on  the  other  side. 


3.  Results  and  discussion 

3.1.  Stability  diagram 

Three  flame  structures  are  observed  depending 
on  coflow  velocity  and  a  dilution  ratio  (Fig.  1). 


The  first  flame  type,  labeled  A,  is  observed  for 
low  values  of  ot.  This  flame  is  anchored  at  the 
nozzle  by  a  small  conical  central  flame.  A  main 
trailing  flame  stabilizes  outwardly  at  the  tip  of 
the  liquid  sheet.  When  a  increases,  the  conical 
central  flame  extinguishes  and  only  the  main 
trailing  flame  remains,  still  anchored  at  the 
extremity  of  the  liquid  sheet  (type  B).  For  higher 
dilution  ratios  (ot  >50%),  the  main  trailing  flame 
lifts  off  from  the  tip  of  the  liquid  sheet  and 
stabilizes  downstream  (type  C). 

For  ot  greater  than  45%,  flame  blow-off  is 
observed  at  {7feo=1.6m/s  for  i  =  45%  and 
Ubo  =  0.7  m/s  for  ot  =  65%.  A  dramatic  decrease 
in  the  blow-out  velocity  is  observed  at  ot  =  70% 
with  Ubo  =  0.15  m/s  and  the  flame  is  always  extin¬ 
guished  for  dilution  ratio  greater  than  76%  in  our 
co-axial  configuration  at  ambient  temperature. 

Figure  2  presents  the  lift-off  height  of  the  main 
trailing  flame  versus  ot  for  the  three  coflow  diame¬ 
ters:  the  flame  stabilization  is  mainly  controlled  by 
ot  and  the  3  types  of  flames  can  be  easily  distin¬ 
guished.  For  the  type  A  (ot  <40%),  the  lift-off 
height  is  independent  of  ot  and  the  coflow  velocity, 
since  the  flame  is  anchored  at  the  tip  of  liquid 
sheet  and  the  conical  central  flame  exists.  For 
the  type  B  (40%  <  ot  <  50%),  the  lift-off  height  is 
moderate  and  varies  from  5  mm  to  7  mm  indepen¬ 
dently  of  the  coflow  velocity.  For  the  type  C  (ot 
>50%),  the  flame  is  lifted  off  at  a  height  increasing 
rapidly  with  ot  and  almost  independent  of  the 
coflow  velocity.  As  in  gas  jet  flames  [15,16],  a 
higher  lift-off  height  could  be  expected  when  the 
coflow  velocities  increase.  Here  the  spray  affects 
the  aerodynamics  of  the  flow  as  illustrated  in 
Fig.  3  presenting  the  gas  velocity  in  the  vicinity 
of  the  flame  for  two  coflow  velocities  and 
ot  =  60%.  The  spray  imposes  an  intense  deflection 
of  the  coflow  towards  the  centerline  leading  to 
very  similar  aerodynamic  conditions  at  the  flame 
base  despite  the  two  different  exit  velocities 
(0.51  m/s  for  Dco  =  95  mm  and  0.11  m/s  for 
Dco  =  200  mm).  In  the  region  of  the  flame  stabil- 


Fig.  2.  Lift-off  height  of  the  trailing  flame. 
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Fig.  3.  Gas  velocity  field  for  a  =  60%  superimposed  to 
the  outlines  of  chemiluminescence,  for  Dco  =  95  mm 
(red)  and  Dco  =  200  mm  (blue). 

ization,  the  aerodynamics  of  the  gas  is  controlled 
by  the  momentum  of  the  spray  and  becomes 
almost  independent  of  the  coflow  velocity. 

3.2.  Two-phase  flow 

In  order  to  provide  an  overview  of  the  size  dis¬ 
tribution  of  the  spray,  Table  1  gives  two  mean 
diameters  for  two  characteristic  positions:  at  the 
tip  of  the  liquid  sheet  ( r  =  —4  mm;  x  =  6  mm) 
and  on  the  axis  (r  =  0  mm;  x  =  6  mm). 

The  measurements  upstream  the  lifted  flames 
(type  C)  can  be  used  as  representative  data  of 
the  spray  in  cold  condition.  The  mean  diameters 
of  types  C  at  (—4;  6)  shows  the  polydispersion 
of  the  spray  with  a  distribution  spreading  from 
1 5  pm  to  90  pm,  peak  value  around  40  pm,  and 
Sauter  mean  diameter  of  54  pm.  At  this  location, 
the  small  droplets  represent  a  minor  part  of  the 
spray.  The  mean  diameters  of  the  two  C-flames 
presented  show  that  the  size  distributions  are  very 
similar  for  two  coflow  velocities  confirming  that 
the  choice  of  a  pressure  nozzle  makes  the  spray 
properties  almost  independent  of  the  gas  aerody¬ 
namics.  The  mean  diameters  at  the  centerline  are 
clearly  different  from  the  data  at  the  tip  of  the 
liquid  sheet,  showing  the  spatial  in  homogeneity 


of  the  spray.  In  its  central  part,  the  diameters 
are  small  and  the  spray  is  homogeneous  in  size. 

When  the  flame  anchors  at  the  tip  of  the  liquid 
sheet  (types  A  and  B),  the  mean  diameters  at  (—4; 
6)  slightly  increase,  which  is  characteristic  of  the 
evaporation  of  the  polydisperse  sprays  due  to 
the  disappearance  of  the  smallest  droplets.  Due 
to  the  size  homogeneity  near  the  centerline,  the 
evaporation  has  less  impact  on  the  mean  diame¬ 
ters  at  (0;  6)  what  is  consistent  with  the  observa¬ 
tions  of  Kourmatzis  et  al.  [17], 

For  each  type  of  flame,  the  coflow  velocity  has 
a  very  little  impact  on  the  spray  properties 
(Table  1)  and  the  aerodynamics  is  mainly  con¬ 
trolled  by  the  momentum  of  the  spray  (Fig.  3). 
Therefore  in  the  following,  the  flow  and  flame 
properties  will  be  described  for  Dco  =  95  mm  in 
diameter.  The  aerodynamics  of  the  spray  is  ana¬ 
lyzed  by  size  classes.  An  illustration  of  this  analy¬ 
sis  is  given  on  the  velocity  maps  of  4  size  classes 
superimposed  on  the  Abel’s  inversion  of  OH* 
emission  (Fig.  4).  For  lifted  flames  (type  C),  the 
near-field  maps  are  representative  of  the  non¬ 
reacting  spray.  The  outline  of  the  spray  is  the 
same  for  the  three  flame  types.  The  largest  drop¬ 
lets  (>50  pm)  are  ejected  exclusively  from  the  tip 
of  the  liquid  sheet,  with  an  angle  of  35°.  These 
large  droplets  have  a  ballistic  behavior:  they  are 
ejected  at  the  velocity  of  the  liquid  sheet  (36  m / 
s)  and  they  retain  long  this  high  velocity  along  a 
direction  of  30°,  leading  to  short  residence  time 
in  the  first  stages  of  the  flow.  The  droplets  of  inter¬ 
mediate  size  are  mainly  ejected  with  an  angle  of 
30°  with  a  maximum  velocity  of  36  m/s  around 
r  =  —  3  mm.  While  the  smallest  droplets  are  pres¬ 
ent  through  the  complete  section  of  the  spray, 
they  represent  numerically  the  major  part  of  the 
spray  around  the  axis.  At  the  tip  of  the  liquid 
sheet,  they  are  ejected  with  an  angle  of  30°  and 
a  velocity  of  29  m/s.  On  the  centerline,  they  move 
parallel  to  the  axis  with  a  slower  velocity  around 
1 5  m/s.  Due  to  their  rapid  evaporation,  they  are 
confined  to  the  inner  part  of  the  flow,  where  they 
conserve  this  velocity.  At  all  the  locations  investi¬ 
gated  the  small  droplets  do  not  follow  the  gas 
motion  and  keep  high  velocities.  Moreover 
their  velocity  fluctuations  are  high  due  to  the  high 
velocity  of  ejection  and  the  evaporation  in 


Table  1 

Mean  diameters  at  the  tip  of  the  liquid  sheet  and  on  the  centerline  at  x  =  6  mm. 


a 

Dco 

Type 

r  =  — 4  mm,  x 

=  6  mm 

/■  =  0  mm,  x 

=  6  mm 

Dio 

D32 

Dio 

D32 

30% 

45 

A 

46 

65 

9.5 

13 

30% 

95 

A 

43 

58 

12 

15.5 

40% 

45 

B 

45.5 

67 

10 

14 

40% 

95 

B 

44 

60 

11 

14 

60% 

95 

C 

41 

54 

8.5 

13 

60% 

200 

C 

40 

55 

14 

16 

G.  Cleon  et  al.  /  Proceedings  of  the  Combustion  Institute  35  (2015)  3565-3572 


3569 


70- 

60  ■ 

50  • 

40 

30  ■ 

20  - 

10  ■ 

0  - 
■30 


20m/s 


70  1 


20m/s 


60  - 

50- 


40  - 


30- 


20  • 

10  ■ 

0  - 
-30 


frac  loc 


20  m/s 


fracjoc 


OH*  (a.u.) 


1  3000 
2500 
2000 
1500 
1000 
500 
0 


Fig.  4.  Velocity  vector  plots  of  the  droplet  for  4  size  classes  (5,  25,  50,  100  pm  from  left  to  right)  superposed  on  the 
average  flame  structure  from  Abel’s  inversion  for  Dco  =  95  mm  and  three  values  of  a,  60%  for  type  C,  40%  for  type  B  and 
30%  for  type  A.  The  colormap  indicates  the  local  numerical  fraction. 
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proximity  of  the  flame,  which  leads  the  largest 
droplets  to  feed  the  smaller  size  class. 

For  type  C,  for  which  the  flame  is  lifted  down¬ 
stream,  the  numerical  fraction  of  the  smallest 
droplets  remains  high  around  the  axis.  When  the 
flame  is  stabilized  close  to  the  injector,  especially 
for  type  A,  the  numerical  fraction  of  the  smallest 
droplets  decreases  dramatically  showing  the  rapid 
evaporation  of  the  smallest  droplets. 

3.3.  Flame  structures 

The  spray  heterogeneity  in  size  and  velocity 
affects  the  flame  structures.  First,  it  can  be 
denoted  that  the  main  trailing  flame  exhibits  a 
double  structure  for  the  three  flame  types 
(Fig.  3),  as  observed  by  Marley  et  al.  [10]  in  air 
combustion.  OF!  PLIF  and  Mie  scattering  images 
are  presented  in  Fig.  5  to  illustrate  the  instanta¬ 
neous  flame  structure  and  to  analyze  its  combus¬ 
tion  regimes.  The  largest  droplets  are  ejected 
towards  the  double  flame  gap,  where  the  proxim¬ 
ity  of  the  two  flames  leads  to  a  rapid  evaporation 
demonstrated  by  the  narrowing  of  the  diameter 
pdfs  and  their  shift  to  smaller  diameters:  disap¬ 
pearance  of  the  smallest  droplets  and  a  rapid  size 
reduction  of  the  largest  droplets.  The  fuel  vapor 
produced  within  the  double-flame  gap  makes  pos¬ 
sible  an  outer  flame  with  the  oxidant  coflow, 
which  exhibits  for  the  three  types  a  diffusion-like 
feature  with  a  fine  symmetric  profile  of  OF!  PLIF. 

The  structure  of  the  inner  reaction  zone  of  the 
double  trailing  flame  is  strongly  affected  by  oc 
(Fig.  5),  via  the  competition  between  the  vaporiza¬ 
tion,  chemical  and  mixing  time  scales.  The  burn¬ 
ing  velocity  and  the  adiabatic  flame  temperature 
are  worked  out  by  the  COSILAB  software  [18] 
with  the  kinetic  mechanism  proposed  by  Leplat 
et  al.  [19],  The  vaporization  rate  is  estimated  from 
the  t/2-law  [20  in  quasi-steady  condition  and  by  an 
iterative  determination  of  the  surface  temperature 
of  the  droplets  [11],  The  ratio  of  the  vaporization 
times  at  TF  and  300  K  (Table  2)  indicates  qualita¬ 
tively  the  impact  of  the  presence  of  the  flame  on 
the  vaporization  rate. 

For  the  high  values  of  a  (type  C),  the  inner 
flame  is  connected  to  the  outer  one.  In  the  first 


Table  2 

Flame  properties  and  relative  vaporization  time. 


a 

SL 

(m/s) 

TV  IK) 

Stf 

(m/s) 

Tvap  (300  K.)hvap 
(Tf) 

60% 

0.5 

2415 

1.4 

117 

40% 

1.2 

2693 

3.6 

137 

30% 

1.5 

2791 

4.6 

144 

centimeters,  it  exhibits  a  diffusion-like  feature 
before  thickening.  Some  full  and  hollow  pockets 
of  OFI  are  observed  on  the  axis.  They  are  repre¬ 
sentative  of  two-phase  combustion  [21]  and 
depend  on  the  local  density  of  droplets  (droplets 
size  and  inter-droplet  distance)  and  the  amount 
of  oxidizer  around  them.  They  illustrate  the  com¬ 
plexity  of  the  two-phase  turbulent  mixing  in  this 
region  where  the  spray  shows  locally  a  large 
polydispersion  (Fig.  3).  The  broadening  of  the 
OFI  profile  and  the  presence  of  burning  pockets 
show  the  more  complex  structure  of  the  inner 
flame  exhibiting  a  partially  premixed  regime  [11]. 
The  continuity  of  the  flame  structure  at  the  bot¬ 
tom  of  the  lifted  flame  without  extinction,  while 
the  large  droplets  cross  it,  is  linked  to  the  low  den¬ 
sity  of  the  droplets  at  this  height  due  to  the  radial 
expansion  of  the  flow. 

For  type  B,  the  aspect  of  the  inner  flame  is 
clearly  modified.  It  shows  that  the  inner  part  of 
the  trailing  flame  is  no  more  connected  to  the 
outer  one  due  to  the  large  amount  of  large  drop¬ 
lets  crossing  the  flame  at  the  tip  of  the  liquid  sheet. 
The  inner  OH  zone  is  thicker  than  for  type  C,  with 
sharp  gradient  of  OH  PLIF  signal  along  the  inner 
droplet  cloud.  The  dissymmetry  of  the  radial  OH 
profile  illustrates  the  partially  premixed  structure 
of  this  inner  flame.  The  higher  concentration  of 
02  leads  to  large  changes  in  combustion  time  scale 
and  flame  temperature  (Table  2),  and  subse¬ 
quently  in  the  vaporization  rate  given  at  TF  for 
indication.  The  central  part  of  the  spray  is  com¬ 
posed  of  small  droplets  with  small  poly  dispersion. 
Due  to  the  higher  concentration  of  02,  the  tem¬ 
perature  of  the  inner  flame  is  higher  and  leads  to 
the  rapid  vaporization  of  the  small  droplets  pres¬ 
ent  in  the  central  part  as  shown  by  the  corrugated 
inner  OH  outline  matching  the  boundary  of  the 


Fig.  5.  Instantaneous  OH  PLIF  and  Mie  scattering  images  for  Dco  =  95  mm  and  a.  =  60%  (type  C),  a  =  40%  (type  B) 
and  a  =  30%  (type  Aj. 
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droplet  cloud.  This  rapid  vaporization  of  the 
homogeneous  cloud  of  small  droplets  leads  to 
mix  rapidly  the  vapor  produced  and  the  oxygen 
in  excess,  leading  to  the  partially  premixed  inner 
flame:  the  vapor  and  oxygen  in  excess  burn  in  a 
lean  premixed  flame  adjacent  to  a  diffusion  flame 
burning  the  excess  of  02  with  fuel  vapor  cloud 
in  periphery. 

For  the  low  values  of  a  (type  A),  the  inner 
flame  is  now  anchored  to  the  nozzle  and  short¬ 
ened.  The  OH  PLIF  signal  is  very  broad  and  fills 
the  entire  centerline  region.  The  aspect  of  OH 
zone,  with  a  signal  behind  the  flame  front,  looks 
like  that  of  a  premixed  flame.  This  oxyfuel  flame 
with  high  concentration  of  02  produces  high  tem¬ 
perature  burnt  gases  in  the  central  part  of  the 
spray  where  small  droplets  are  still  present  and 
can  induce  very  short  vaporization  time  (Table  2). 
Thus  these  small  droplets  vaporize  very  quickly  in 
a  gas  very  rich  in  oxygen.  The  inner  flame  is  short¬ 
ened  ending  where  the  vapor  produced  by  the 
small  droplets  is  consumed.  At  the  outer  bound¬ 
ary  of  the  liquid  sheet  on  the  coflow  side,  the  den¬ 
sity  and  residence  time  of  small  droplets  is  not 
sufficient  to  allow  a  flame  to  establish. 

The  change  in  the  combustion  regime  of  the 
inner  flame  from  diffusion-like  (type  C)  to  pre- 
mixed-like  (types  A  and  B)  shows  the  impact  of 
the  decrease  in  the  vaporization  time  scale  due 
to  the  presence  of  the  flame.  Table  2  illustrates 
that  the  vaporization  time  is  divided  by  100  when 
the  flame  is  present.  Thus,  its  presence  close  to  the 
nozzle  for  types  A  and  B  leads  to  a  rapid  evapora¬ 
tion  of  the  small  droplets  of  the  inner  part  of  the 
spray  merged  in  oxidant  gas  entrained  to  the 
spray  axis,  and  then  the  rapid  mixing  of  fuel  vapor 
and  oxidizer.  The  presence  of  the  flame  is  con¬ 
trolled  by  the  stabilization  process,  which  depends 
on  the  a  dilution  ratio. 

3.4.  Flame  stabilization 

For  the  stabilization  process  as  for  the  flame 
structure,  the  gas  composition  has  to  be  distin¬ 
guished  from  the  total  spray  composition.  The 
flame  can  stabilize  where  the  gas  composition  is 
close  to  stoichiometry  and  the  local  gas  velocity 
is  suitable.  In  gas  jet  flames,  the  flame  stabilizes 
where  the  flow  velocity  is  of  the  order  of  SL 
(between  0  and  3 SL  [22]),  what  corresponds  to 
the  velocity  of  the  upstream  upcoming  flow 
corresponding  to  Stf  =  \fpj~pb  SL  [23],  due  to 
streamline  deflection. 

In  type  C,  the  flame  is  lifted  off  and  stabilizes  in 
the  downstream  two-phase  flow  (r  =  —  10  mm; 
x  =  20  mm).  The  gas  velocity  has  been  measured 
very  close  to  the  flame  base  location  (r  = 
—  12  mm;  x  =  20  mm):  U=  —0.2  ±  0.25  m/s; 
V=  0.8  ±  0.17  m/s,  showing  the  strong  deflection 
of  the  gas  flow  induced  by  the  spray  entrainment 


as  illustrated  in  Fig.  3.  These  measurements  show 
that  the  flame  can  meet  the  criteria  U  between  1 
and  3 SL,  and  is  close  to  STf  in  average  (Table  2). 
So  far  downstream  (h  =  20  mm),  the  droplets 
remain  much  faster  than  the  gas:  the  big  droplets 
(D  >75  pm)  have  kept  high  velocities  (>15m/s), 
the  smallest  droplets  saw  their  velocity  greatly 
reduced  since  their  ejection  from  the  liquid  sheet, 
but  their  velocity  keeps  high.  The  size  distribution 
just  in  front  of  the  average  flame  base  shows  that 
the  spray  has  vaporized  at  moderate  temperature, 
with  the  fraction  of  the  small  droplets  (D  <25  pm) 
greatly  reduced  providing  a  stoichiometric  com¬ 
position  in  this  region,  while  the  biggest  droplets 
have  little  vaporized. 

The  type  B  is  characterized  by  the  stabilization 
of  the  double  trailing  flame  at  the  tip  of  the  liquid 
sheet  where  all  the  droplets  are  ejected  at  high 
velocity  (above  20  m/s).  Three  phenomena  lead 
to  the  flame  stabilization  just  beyond  the  tip  of 
the  liquid  sheet,  while  it  must  still  meet  the  criteria 
of  the  gas  composition  and  gas  aerodynamics: 

-  The  strong  entrainment  of  the  oxidant  coflow, 
which  deflects  the  outlying  gas  and  brings  a  high 
quantity  of  coflow  rich  in  O?  towards  the  spray. 

-  The  high  oxyfuel  flame  adiabatic  temperature, 
TV  =2693  K  (Table  2),  leading  to  a  very  fast 
vaporization  of  the  spray.  This  rapid  vaporiza¬ 
tion  of  the  whole  spray  leads  also  to  a  shift  of 
the  velocity  distribution  by  size  class  (Fig.  6). 
Compared  to  cold  condition  deduced  from  data 
of  C-flame  (insert  95  mm,  a  =  60%),  the  same 
radial  velocity  distribution  is  found  with  a  shift 
of  6  pm  to  the  smaller  diameter.  The  axial  veloc¬ 
ity  has  increased  slightly  by  thermal  expansion. 

The  decrease  in  a  increases  the  burning  veloc¬ 
ity,  SL,  thereby  enhancing  the  flame  stabilization 
by  facilitating  the  satisfaction  of  the  criterion 
on  the  local  gas  velocity:  U=  0.67  ±  0.23  m/s; 


Fig.  6.  Size-classified  velocities  at  r  =  —  4  mm, 
x  =  6  mm,  for  three  dilution  a  and  Dco  =  95  mm.  Plain 
symbols  for  axial  (top)  and  radial  (bottom)  mean 
velocities,  open  symbols  for  the  corresponding 
fluctuations. 
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V  =  4.26  ±  0.26  m/s,  while  SL  =  1.2  m/s  and 
STf  =  3.6  m/s. 

For  the  type  A,  the  outer  flame  still  stabilizes 
at  the  tip  of  the  liquid  sheet  similarly  to  type  B, 
with  still  increased  values  of  TF  and  SL  (Table  2). 
The  vaporization  is  still  faster  than  for  type  B  due 
to  increase  in  TF  and  is  confirmed  in  Fig.  6  by  the 
shift  of  13  pm  of  the  velocity  distribution  com¬ 
pared  to  the  cold  case.  As  previously  described, 
the  rapid  vaporization  of  the  small  droplets  in 
the  central  part  of  the  spray  stabilizes  the  flame 
just  beyond  the  nozzle  exit. 


4.  Conclusion 

The  influence  of  C02  content  on  the  structures 
and  stabilization  of  spray  oxyfuel  flames  has  been 
investigated  using  a  simplified  configuration  suit¬ 
able  for  building  database.  The  spray  structure 
is  characterized  by  size-classified  analysis  of  its 
aerodynamics.  Due  to  the  polydispersion  and  the 
non-homogeneity  in  size  and  velocity,  the  flame 
exhibits  a  double  structure  specific  to  two-phase 
flames.  This  structure  and  the  flame  stabilization 
are  strongly  affected  by  the  C02  content  of  the 
oxidant.  The  decrease  in  a  leads  to  simultaneously 
shorten  the  vaporization  and  chemical  time  scales 
allowing  the  flame  to  stabilize  just  beyond  the  tip 
of  the  liquid  sheet.  The  outer  flame  of  the  double 
structure  is  always  diffusion-like  while  the  inner 
flame  changes  from  diffusion-like  to  premixed-like 
when  the  vaporization  time  shortens.  All  the 
results  provide  an  original  database  suitable  for 
numerical  modeling  as  shown  by  the  large-eddy 
simulation  of  N.  Enjalbert  [24], 
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